The low-speed aerodynamic performance c h a r a c t e r i s t i c s o f two advanced c o u n t e r r o t a t i o n pusher-propel l e r c o n f i g u r a t i o n s w i t h c r u i s e d e s i g n Mach numbers o f 0.72 were i n v e s t i g a t e d i n t h e NASA Lewis 9-by 15-Foot Low-Speed Wind Tunn e l . The t e s t s were conducted a t Mach number 0.20, which i s r e p r e s e n t a t i v e of t h e a i r c r a f t t a k e o f f / l a n d i n g f l i g h t regime. The i n v e s t i g a t i o n determined t h e e f f e c t o f nonuniform i n f l o w on t h e p r o p e l l e r performance c h a r a c t e r i s t i c s for several blade angle s e t t i n g s and a range o f r o t a t i o n a l speeds. The i n f l o w was v a r i e d by yawing t h e p r o p e l l e r model t o a n g l e -o f -a t t a c k by as much as +16O and by i n s t a l l i n g on t h e c o u n t e r r o t a t i o n p r o p e l l e r t e s t r i g near t h e p r o p e l l e r rotors a model s i m u l a t o r o f an a i r c r a f t engine s u p p o r t p y l o n and f u s e l a g e .
INTRODUCTION
Over t h e l a s t several y e a r s , NASA and i n d u s t r y have been d e v e l o p i n g and demonstrating t h e advantages o f t h e advanced high-speed p r o p e l l e r f o r a i r c r a f t p r o p u l s i o n over t h e more c o n v e n t i o n a l t u r b o f a n engine ( r e f . 1 ) . The h i g h e f f ic i e n c y advantage o f t h e advanced high-speed p r o p e l l e r has been r e c e n t l y demons t r a t e d i n s c a l e model wind t u n n e l t e
s t s o f s i n g l e -r o t a t i o n and c o u n t e r r o t a t i o n p r o p e l l e r s , b o t h a t high-speed and low-speed c o n d i t i o n s ( r e f s . 2 t o 5 ) . The advanced t u r b o p r o p p r o p u l s i o n s y s t e m o f f e r s t h e p o t e n t i a l f o r h i g h p r o p u l s i v e e f f i c i e n c y . F i g u r e 1 i s a comparison o f t h e i n s t a l l e d p r o p u l s i v e e f f i c i e n c y o f s e v e r a l d i f f e r e n t types o f p r o p u l s i o n systems o v e r a range o f c r u i s e f l i g h t
Mach numbers. As can be seen, the turboprop offers improved performance over the conventional turbofan at all flight speeds. At high flight Mach numbers, the advanced turboprop overcomes the deficiencies of the conventional turboprop system, maintaining high efficiency to at least Mach number 0.80. In addition, the more novel advanced technology approaches, such as a single-rotation propeller with swirl recovery vanes or counterrotation propellers, offer further improvements in propeller propulsion performance.
A summary of several NASA and industry studies (ref. 6) to evaluate the potential o f advanced high-speed turboprop propulsion i s presented in figure 2.
The figure shows the potential block fuel savings of an advanced turboprop propulsion system as a function of the trip stage length. As can be seen in the figure, large fuel savings are possible with the advanced turboprop propulsion system at all stage lengths, especially at the shorter operating ranges. Since the shorter stage lengths are climb and descent dominant, the lower flight velocities can provide the turboprop with an even larger advantage over the turbofan than at cruise flight conditions. propellers in aircraft propulsion systems has recently been demonstrated with the near full-scale NASA Lewis propeller test assessment (PTA) ( fig. 3(a) ) and NASA/GE unducted fan (UDF) flight test programs (figs. 3(b> and 3(c) ).
The advantages of using advanced
In support of the NASA Lewis Research Center Advanced Turboprop Program to establish an advanced turboprop technology base, an investigation of the low-speed characteristics o f several advanced high-speed counterrotation propeller configurations was conducted in the NASA Lewis 9-by 15-Foot Low Speed Wind Tunnel. The counterrotation propellers were pusher-type designs incorporating a high number of blades, from 16 to 20 total, with very high power loadings. The investigation determined the aerodynamic and aeroacoustic propeller performance of the several counterrotation propeller configurations in the take-offllandlng flight regime. This paper presents a summary of the wind tunnel aerodynamic performance results for two of those counterrotation pro-' peller configurations, including propeller performance characteristics with nonuniform inflow in the propeller-model plane of rotation. The propeller model test program was carried out in the NASA Lewis 9-by . A schematic of the wind tunnel is shown in figure 4 . The test section is located in the back leg of the 8-by 6-Foot Supersonic Wind Tunnel and is capable of speeds up to Mach number 0.23. The test section has slotted walls to minimize any model interaction with the tunnel walls, and has been acoustically treated to allow propeller noise measurement.
Propeller Test Rig
The model counterrotation propeller test rig (CRP/PTR> used in the investigation was designed to simulate a counterrotating propulsion system in a pusher-propeller configuration. A photograph o f the CRP/PTR installed in the NASA Lewis 9-by 15-Foot Low-Speed Wind Tunnel is shown in figure 5 . The CRP/ PTR was located near the middle of the test section axially, approximately 2 f t from t h e t e s t s e c t i o n c e n t e r l i n e h o r i z o n t a l l y , and on t h e t e s t s e c t i o n c e n t e r l i n e v e r t i c a l l y . A model support s t r u t was used t o mount t h e CRP/PTR t o a r o t a t i n g p l a t f o r m i n t h e t u n n e l f l o o r . The r o t a t i n g p l a t f o r m a l l o w e d t h e CRPIPTR t o yaw t o s i m u l a t e angle-of-attack on t h e model. CRP/PTR a t a n e g a t i v e a n g l e -o f -a t t a c k i s shown i n f i g u r e 6.
The l a r g e f o r w a r d s e c t i o n o f t h e CRPIPTR, known as t h e forebody, was designed t o r e p r e s e n t t h e f a i r e d -o v e r i n l e t and n a c e l l e s e c t i o n s o f t h e core engine, and has a maximum diameter o f 11.94 i n . The two rows o f c o u n t e r r o t a ti n g p r o p e l l e r blades a r e mounted i n t h e rotor hubs l o c a t e d behind t h e f o r e b o d y .
The hubs a r e contoured t o p r o v i d e a r e a -r u l i n g near t h e blade root s e c t i o n , t h u s r e d u c i n g t h e h i g h flow v e l o c i t i e s between t h e p r o p e l l e r b l a d e s . p o r t i o n o f t h e i m v e s t i g a t i o n d e s c r i b e d i n t h i s r e p o r t , t h e a x i a l d i s t a n c e
between the p r o p e l l e r rotors was 5.90 i n . , d e f i n e d from t h e f o r w a r d r o t o r pitch-change a x i s t o t h e a f t r o t o r pitch-change a x i s . rotor hubs i s t h e a f t s e c t i o n o f t h e CRP/PTR known as t h e a f t e r b o d y , designed t o s i m u l a t e t h e a f t s e c t i o n o f an engine n a c e l l e and core engine exhaust, and has a minimum diameter o f 6.0 i n . The a f t e r b o d y s e c t i o n then t r a n s i t i o n s up t o t h e t u r b i n e d r i v e housing, which i s 12.0 i n . i n diameter. The model s u p p o r t s t r u t , l o c a t e d i n the r e a r of t h e CRPIPTR, extends down from t h e t u r b i n e d r i v e housing t o t h e t u n n e l f l o o r . The l e n g t h o f t h e CRP/PTR from t h e f r o n t o f t h e forebody t o t h e end o f the t u r b i n e d r i v e housing i s a p p r o x i m a t e l y 120 i n .
A photograph of t h e D u r i n g t h e
Behind t h e p r o p e l l e r To s i m u l a t e a p p r o x i m a t e l y an a i r c r a f t engine s u p p o r t p y l o n and f u s e l a g e , A photograph o f t h e CRP/PTR w i t h t h e p y l o n / f u s e l a g e s i m u l a t o r a b o d y -o f -r e v o l u t i o n and support s t r u t were added t o t h e b a s i c CRP/PTR model c o n f i g u r a t i o n . i n s t a l l e d i s shown i n f i g u r e 7 ( a > , and a closeup p l a n f o r m photograph o f t h e forebody and p y l o n l f u s e l a g e arrangement on t h e CRP/PTR shown i n f i g u r e 7 ( b > . The maximum p y l o n t h i c k n e s s ( a t r o u g h l y 40 p e r c e n t chord) v a r i e d from 1.31 i n . near t h e forebody t o 2.15 i n . near the f u s e l a g e s i m u l a t o r ( t h e measurements o c c u r a t t h e p o i n t o f maximum diameter on t h e forebody and f u s e l a g e ) . a x i a l d i s t a n c e from t h e p y l o n t r a i l i n g edge t o the f o r w a r d rotor pitch-change a x i s was 2.66 i n . a t t h e p r o p e l l e r hub and 5.25 i n . near t h e p r o p e l l e r t i p . The f u s e l a g e s i m u l a t o r had a maximum diameter o f 25.0 i n . , a p p r o x i m a t e l y 23 i n . upstream a x i a l l y from t h e f o r w a r d rotor pitch-change a x i s . The s e p a r a t i o n between t h e f o r w a r d r o t o r hub and t h e f u s e l a g e s i m u l a t o r was 10.29 i n . , and 10.97 i n . between t h e a f t r o t o r hub and t h e f u s e l a g e s i m u l a t o r .
The
The CRP/PTR i s capable o f d e l i v e r i n g up t o 1350 t o t a l s h a f t horsepower a t a maximum r o t a t i o n a l speed o f 9000 rpm u s i n g two two-stage, a i r -d r i v e n , t u rb i n e s (675 SHP each w i t h 450 p s i , 660 O R high-pressure a i r ) . The power t u rb i n e s were connected t o t h e p r o p e l l e r r o t o r hubs v i a c o n c e n t r i c d r i v e s h a f t s . Each t u r b i n e i s used t o supply power t o one o f t h e p r o p e l l e r rotor hubs. From an a f t -l o o k i n g -f o r w a r d p o s i t i o n , t h e i n n e r s h a f t and f o r w a r d hub r o t a t e i n a counterclockwise d i r e c t i o n , w h i l e t h e o u t e r s h a f t and a f t hub r o t a t e i n a c l o c k w i s e d i r e c t i o n . r i g i s g i v e n i n r e f e r e n c e 8 .
A more d e t a i l e d d e s c r i p t i o n o f t h e model p r o p e l l e r t e s t
The CRP/PTR i n s t r u m e n t a t i o n f o r d e t e r m i n i n g p r o p e l l e r performance cons i s t e d o f several types. Loads generated by the p r o p e l l e r rotors d u r i n g t e s ti n g were measured u s i n g r o t a t i n g f o r c e balances; each rotor hub was a t t a c h e d t o t h e m e t r i c s i d e o f one o f t h e f o r c e balances. The f o r c e balance measured t h e p r o p e l l e r r o t o r t h r u s t and t o r q u e loads u s i n g strain-gaged f l e x u r e beams. The s i g n a l s from t h e f o r c e balance were r e l a y e d through a t e l e m e t r y u n i t t o a I 4 monitoring station. Centrifugal stresses on the flexure beams were measured using strain gages and force balance temperatures were measured using thermocouples attached to the balances. The force balance measurements were corrected using these centrifugal force and temperature measurements. Static pressures were measured on the CRP/PTR forebody and afterbody and in the rotor cavity areas using an electronically scanned pressure (ESP) measurement system. The forebody and afterbody pressure instrumentation consisted of five rows of 13 pressure taps on the forebody and four rows of 12 pressure taps on the afterbody. Pressures on the aircraft pylon and fuselage simulators were not measured. Kulite pressure transducers were used to measure pressures in the cavities between the rotor hubs.
Propeller Designs
The design philosophy used to generate the counterrotation propeller blades evolved from the philosophy used to design the first advanced high-speed single-rotation blade designs -enhance propeller performance and minimize propeller noise while maintaining a reasonable propeller size. The counterrotation propeller blades incorporated many of the design features necessary to achieve high propulsive efficiency at high flight Mach numbers. These design features included: ( 1 ) proper nacelle shaping and hub area-ruling to allow flow diffusion and reduce the blade inboard Mach number, thereby alleviating hub choking; (2) blade sweep, to reduce the effective blade Mach number near the propeller tip and minimize compressibility effects; (3) thin blades, to increase the blade drag-rise Mach number; and ( 4 ) large blade chord lengths with large numbers of blades per rotor to obtain a high disk power loading (a higher total power loading than the single-rotation propeller designs) and thereby reduce the propeller diameter. A description of the method used to design the counterrotation unducted fan propeller blades is given in reference 9. Table I provides a general summary of the individual model propeller blade design characteristics for the propellers in this report. The " F " signifies forward rotor propeller blades, while the "A" signifies aft rotor blades. The propeller blades were approximately 24 in. in diameter, except for the A 3 blades. The reduced diameter and wider chord of the A3 propeller blades were chosen to eliminate the interaction of the aft rotor propeller blades with the tip vortex from the forward rotor propeller blades, while maintaining the amount of power absorbed by the aft rotor at the same rotor rotational speed. All the propeller blades were manufactured from composite materials (graphite and epoxy) with titanium spars. Photographs of the propeller blades used in the investigation are shown in figure 8 . In table 11, a summary of the design characteristics of the propeller configurations in this report is given. The investigation was conducted using the 1119 configuration; 1 1 blades in the forward rotor and nine blades in the aft rotor. In this way, a high disk power loading could be achieved which would allow a reduction in the propeller tip speed, and therefore the propeller noise, at takeoff conditions.
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Testing Procedure
The low-speed characteristics of two counterrotation propeller configurations with nonuniform inflow were investigated at a Mach number of 0.20 in the NASA Lewis 9-by 15-Foot Low-Speed Wind Tunnel. and angles-of-attack tested for each propeller configuration is given in table 111.
A summary of the geometries
The propeller configurations were tested over a range of rotational speeds from windmill to the maximum rotational speed allowable; the maximum rotational speed was imposed by the structural limits of the propeller blades, the vibration limits of the CRP/PTR, or, in some cases, the thrust load limits of the rotating force balances. The propeller pitch, or blade, angles (defined at the three-quarter radius point on the propeller blade) were chosen to obtain data near the counterrotation propeller take-off/landing operating point. For each of the propeller configurations, two sets of blade angles were chosen in order to vary the propeller power loading and tip speed for a target operating point.
During the investigation, the propeller configurations were typically tested with the propeller rotors at nearly equal, or matched, power and nearly matched rotational speed to obtain the target operating point propeller performance. For CRP/PTR operational considerations, matched rotor rotational speeds meant that the aft rotor rotational speed was set 50 rpm higher than the forward rotor rotational speed at each propeller operating condition.
The effect of a nonuniform flowfield on the propeller performance was determined for each propeller configuration. The flowfield, and hence the inflow velocity to the propeller, was made nonuniform by changing the propeller model angle-of-attack, which meant yawing the CRP/PTR as much as +16O (fig. 7 (b> and table I I I ) , or by mounting the aircraft engine support pylon and fuselage simulators on the CRP/PTR ( fig. 8) .
In table IV, the takeoff target operating points, or the desired propeller operating conditions, for the propeller configurations tested are given. A s shown in the table, each propeller configuration had more than one set of takeoff operating point blade angles. The higher blade angle settings produced more power (a higher power lokding parameter) while operating at lower propeller tip speeds at the target operating point.
Determination of Propeller Net Thrust
The propeller net thrust is defined as the propulsive force of the propeller operating in the nacelle flowfield and adjusted for the change in the nacelle drag force due to the installed propeller (the propeller/nacelle interaction effect). In other words, the total propeller net thrust is the thrust force measured by the rotating force balances, corrected for: forces on the force balances with the propeller powered; the drag forces on the propeller rotors without propeller blades; and the difference in the nacelle (forebody and afterbody) pressure drag forces with and without the propeller blades. Since the pressure forces on the aircraft engine support pylon and fuselage simulators were not measured, their effect on the measured propeller thrust force cannot be determined. lators on the local nacelle flowfield was determined without the installed propeller when the pressure drag forces on the nacelle were determined.
The pressure
The effect of the pylon and fuselage simu-A detailed description of the method used in determining the propeller net thrust, including equations and diagrams, is given in reference 5 .
RESULTS AND DISCUSSION
The basic definitions of propeller net efficiency and advance ratio are, and I n the calculation of the propeller net efficiency and advance ratio, propeller performance values of thrust and torque (which are used to calculate propeller power) are used which are measured with reference to a plane along the axis of the CRP/PTR (and not from a plane along the axis of the tunnel). The flow velocity used is determined from the same CRP/PTR reference plane, and is a component of the freestream velocity. Therefore, when the propeller model is at angle-of-attack, the flow velocity is calculated by multiplying the freestream velocity by the cosine of the angle-of-attack. Using the calculated flow velocity instead of the freestream velocity directly, the propeller performance results as a function of advance ratio are more well behaved, with much less spread in the results, and allows the determination of the propeller performance at angle-of-attack from the Oo angle-of-attack results. For this report, then, the propeller net efficiency and advance ratio are defined as, Jc = VO cosu/(nD> The propeller net efficiency in dimensionless form is, In their dimensionless form, the individual rotor performance parameters are referenced to the individual rotors, while the total propeller performance parameters are referenced to the forward rotor for simplicity.
The propeller performance results are presented for the F7/A3 1119 and F7/A7 11/9 propeller configurations and show the effect of nonuniform inflow on the propeller performance at Mach number 0.20. The performance results are presented in two formats. The first format is the overall propeller performance in terms of the basic propeller performance parameters of propeller net efficiency (qc,net>, total power coefficient (PQAT), and aft-to-forwardrotor torque ratio as a function of the forward rotor advance ratio (Jc,l) for different propeller model angles-of-attack with and without the pylon and fuselage simulators. The overall propeller performance is also shown in terms of the propeller net efficiency as a function of the propeller power loading parameter (PQAT/JCIl). measure o f the power absorbed by the propeller.
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The power loading parameter is a dimensionless In this way, the performance of several propeller configurations at different blade angle settings (or the same propeller configuration with different inflow conditions), but having the same target operating point power loading, can be more easily compared to one another and to desired target operating conditions from table IV. In this report, overall propeller performance results are presented as a function of the propeller advance ratio and power loading parameter for only the F7/A3 11/9 propeller configuration, since similar trends in the overall propeller performance results were seen for the F7/A7 1119 propeller configuration.
The second propeller performance presentation format is in terms of the net efficiency, power coefficient, advance ratio, and torque ratio as a function of the propeller model angle-of-attack at constant takeoff target operating point power loading parameters. parameter does not imply constant values of power coefficient and advance ratio in the results, even though the power loading parameter is calculated from both, but does imply constant propeller power. Variations in the propeller performance are shown for varying propeller inflow conditions, which were produced by installing the pylon and fuselage simulators and by varying the propeller model angle-of-attack with and without the simulators installed. Performance results are shown for both the F7/A3 11/9 and the F7/A7 11/9 propeller configurations for the test matrix given in table 111. (table IV) .
In figure 9 , the F7/A3 11/9 propeller performance with angle-of-attack without the pylon and fuselage simulators is shown. The propeller model angleof-attack was varied between +16O (table 111) (table IV) . Somewhat larger variations in the propeller performance occur at higher advance ratios (lower propeller rotational speeds) and higher model angles-of-attack, where a small decrease in net efficiency and a slight increase in the total power coefficient is shown in the results with angle-of-attack. The results show a small decrease in the torque ratio at the lower advance ratios at the highest angles-of-attack. The net efficiency results as a function of the power loading parameter ( fig. 9 (d)> indicate a decrease in performance with angle-of-attack at the lower power loadings. As can be seen in the figure, the performance results collapse to a single curve with angle-of-attack by using the velocity component along the axis of the CRP/PTR in the calculation of the net efficiency and advance ratio. (table 111) . The performance results indicate no change in the propeller net efficiency ( fig. 10 (a)> with angle-of-attack due to the pylon simulator, except for a small increase in net efficiency at the highest angles-of-attack. However, the total power coefficient and torque ratio results (figs. 10(b) and (c>> show much larger variations with the pylon simulator installed with angle-of-attack than the performance variations seen without the pylon simulator installed. The total power coefficient results show large increases due to the pylon simulator at positive angles-of-attack and smaller decreases at negative angles-ofattack. I n terms o f the torque ratio, the results show large increases due to the pylon simulator at negative angles-of-attack and somewhat smaller decreases at positive angles-of-attack.
Clearly, the propeller performance is effected by the addition of the pylon simulator, which produces nonuniformities in the propeller flowfield at angle-of-attack in the form of preswirl on the side of the propeller near the pylon simulator and, possibly, in the form of separated flow over the pylon at the larger angles-of-attack. The performance results also indicate that the changes in the propeller total power and in the torque split between the propeller rotors were not symmetric with angle-of-attack.
A velocity vector diagram of a propeller blade section on the forward rotor (with the rotor rotation in a counterclockwise direction from an aftlooking-forward, or upstream, perspective) shows that with a variation in the propeller model angle-of-attack, the blade section experiences a constantly varying local angle-of-attack during each propeller revolution. The propeller blade section experiences the largest variations in the local angle-of-attack at locations in the propeller plane perpendicular to the model pitching plane (in this case, the CRP/PTR yaws to angle-of-attack (fig. 6 > , and the largest changes in the local blade section angle-of-attack occurring at the top and the . bottom of the propeller plane of rotation). Since the rotational direction of the aft rotor is opposite that of the forward rotor, the aft rotor experiences changes in local angle-of-attack opposite to the forward rotor with changes in the model angle-of-attack. The change in the local blade section angle-ofattack is also equal and opposite at opposite locations on the propeller plane. Therefore, without further disturbances to the flowfield, the steady state propeller performance does not change with propeller model angle-of-attack.
With the addition of the pylon preswirl to the flowfield on one side of the propeller, the flowfield undergoes an asymmetric disturbance. of the propeller without the pylon simulator, the change in the local blade section angle-of-attack i s due to the model angle-of-attack. On the side of the propeller with the pylon simulator, the change in the local blade section angle-of-attack due to the pylon preswirl at model angles-of-attack is not as large, or is negated altogether. A s a result, when averaged over the entire propeller plane, the forward rotor experiences an increase in the local angleof-attack at positive model angles-of-attack and a decrease in the local angleof-attack at negative model angles-of-attack. At the same time, the aft rotor experiences just the opposite effect at model angle-of-attack due to the pylon preswirl in terms of the local angle-of-attack. Therefore, with the pylon preswirl, the forward rotor power increases as the propeller model angle-of-attack increases, while the aft rotor power increases as the model angle-of-attack decreases. This explains the changes in the total power coefficient results The F7/A3 propeller performance results also indicate an asymmetry in the variations in the total power coefficient and torque ratio between positive and negative angles-of-attack, implying larger changes in the forward rotor power than the aft rotor power at angle-of-attack. rotor experiences a smaller variation in the inflow conditions (smaller variation in the local blade section angle-of-attack) than the forward rotor at model angle-of-attack, because the forward rotor may be turning the flow away from the freestream direction and more in a direction along the axis of the CRP/PTR. Another reason may be that the forward rotor blades are more sensitive to changes in the model angle-of-attack than the smaller diameter A3 aft rotor blades, meaning that the difference in power on the aft rotor with angleof-attack i s not as large as the difference in power on the forward rotor with angle-of-attack. In other words, the full-size F7 forward rotor blades may not be absorbing the same amount of power at positive angles-of-attack than the smaller diameter A3 at negative angles-of-attack, and vice-versa. The smaller diameter A3 blades may possibly be stiffer, due to the smaller diameter and wider blade chord than, the F7 forward rotor blades, and therefore the A3 blades may be not be deflecting as much during propeller operation.
One reason may be that the aft The F7/A3 11/9 net efficiency results as a function of the power loading parameter ( fig. 10(d) ) also show small differences due to the pylon simulator with model angle-of-attack, except in the +12O case, where the net efficiency i s noticeably higher at all values of power loading parameter. The reason for this increase is not clear, however a large increase in the total power coefficient ( fig. 10 (b>> can also be seen at the same model angle-of-attack. These increases in the performance at the higher model angles-of-attack may be due to some interaction of the propeller model with the test section wall and wall recirculation slots (figs. 5 to 7 ) . Interestingly, the large differences shown in the propeller rotor power and the torque ratio with angle-of-attack have no appreciable effect on the propeller net efficiency.
The performance results of the F7/A3 11/9 propeller configuration at angle-of-attack with both the jylon and fuselage simulators installed are shown in figure 1 1 . The trends in the propeller performance with both the pylon and fuselage simulators installed at angle-of-attack are very similar to the performance trends shown with only the pylon simulator installed ( fig. 10) The F7/A3 11/9 propeller performance results shown in figures 9 to 1 1 indicate that nonuniformities produced in the propeller flowfield with the propeller model at angle-of-attack had a small effect on the propeller performance without the aircraft pylon and fuselage simulators installed ( fig. 9 ). However, by installing the pylon simulator on the CRP/PTR, pronounced effects on the propeller total power coefficient and torque ratio were shown (figs. 10(b) and (c>>, due to the large disturbances produced in the propeller flowfield by the pylon preswirl with the propeller model at angle-of-attack. Installing both the pylon and fuselage simulators caused a small increase in propeller performance at all angles-of-attack ( fig. ll) , and even larger changes in the total power coefficient and torque ratio (figs. ll(b> and (c>> with angle-ofattack than with only the pylon simulator. The fuselage simulator produced even further disturbances in the propeller flowfield, possibly by increasing the local blockage near the propellers or by producing a region of separation in the flowfield with the model at angle-of-attack, Interestingly, the large variations in the propeller total power coefficient and torque ratio with angle-of-attack with the pylon or the pylon and fuselage simulators installed (figs. 10(b> and (c> and ll(b> and (c>> produced relatively small changes in the propeller net efficiency (figs. 10(a> and ll(a>>. This result indicates that the dominant loss mechanism in the propeller performance, which causes a lower level of net efficiency performance at low-speed conditions, is not the unrecovered swirl produced by the forward operating propeller (or, in this case, especially in the tip region due to the smaller diameter A3 blades).
Effect of Power Loading o n Propeller Performance
Without Pylon and Fuselage Simulators
In figures 12 and 13, performance resul ts for the F7/A3 1 1 /9 and F7/A7 11/9 propeller configurations as a function of angle-of-attack at constant takeoff target power loading parameters are presented. The results are presented at constant takeoff target power loading parameters o f 3.829 and 4.365, which represents a change in power o f approximately 14 percent. The power loading parameters correspond to propeller tip speeds of 815 and 760 fps, respectively, at the takeoff target operating point (table IV) . As mentioned earlier, a constant power loading parameter indicates that the propeller power, and not the total power coefficient and the advance ratio, was constant.
In figure 12 , the results for the F7/A3 11/9 configuration without the pylon and fuselage simulators installed are shown. The propeller model angleof-attack was varied between +16O (table 111). The results show that the propeller net efficiency ( fig. 12 (a>> was fairly insensitive to changes in the propeller model angle-of-attack at either target power loading parameter. The results also clearly show the decrease in net efficiency at the higher power
e r c e n t a t Oo a n g l e -o f -a t t a c k and -3.8 p e r c e n t a t -16O a n g l e -o f -a t t a c k .
The p r o p e l l e r t o t a l power c o e f f i c i e n t ( f i g . 1 2 ( b ) ) and advance r a t i o ( f i g . 12(c)) r e s u l t s show v e r y l i t t l e change w i t h a n g l e -o f -a t t a c k a t t h e h i g h e r power l o a d i n g parameter, b u t a small i n c r e a s e a t t h e lower power l o a d i n g parame t e r w i t h a n g l e -o f -a t t a c k (+1.83 p e r c e n t i n t o t a l power c o e f f i c i e n t and +0.57 p e r c e n t i n advance r a t i o from Oo t o -16O). The i n c r e a s e i n t h e t o t a l power c o e f f i c i e n t between t h e h i g h e r and t h e lower power l o a d i n g parameter i s +39.17 p e r c e n t a t Oo a n g l e -o f -a t t a c k and +37.45 p e r c e n t a t -16O angle-ofa t t a c k . The decrease i n t h e t o r q u e r a t i o r e s u l t s w i t h a n g l e -o f -a t t a c k ( f i
The performance o f t h e F7/A7 1119 p r o p e l l e r c o n f i g u r a t i o n a t angle-ofa t t a c k w i t h o u t the p y l o n and f u s e l a g e s i m u l a t o r s a t c o n s t a n t t a r g e t power loadi n g parameters o f 3.829 and 4.365 i s shown i n f i g u r e 13. I n t h i s case, t h e model a n g l e -o f -a t t a c k was v a r i e d between +8O and -16O a t t h e lower power loadi n g parameter, and between Oo and -1 6 O a t t h e h i g h e r power l o a d i n g parameter.
L i m i t e d t e s t t i m
The performance r e s u l t s a r e v e r y s i m i l a r t o t h e F7/A7 1119 c o n f i g u r a t i o n performance r e s u l t s shown i n f i g u r e 12. The performance r e s u l t s i n d i c a t e t h a t t h e p r o p e l l e r n e t e f f i c i e n c y i s f a i r l y i n s e n s i t i v e t o changes i n t h e model angleo f -a t t a c k ( f i g . 1 3 ( a > > . Here, t h e decrease i n n e t e f f i c i e n c y due to t h e i n c r e a s e i n t h e power l o a d i n g parameter i s -3.10 p e r c e n t a t Oo a n g l e -o f -a t t a c k and -3.25 p e r c e n t a t -16O a n g l e -o f -a t t a c k .
The t o t a l power c o e f f i c i e n t and advance r a t i o r e s u l t s ( f i g . 13(b) and ( c ) ) show v e r y l i t t l e change w i t h angleo f -a t t a c k a t t h e h i g h e r power l o a d i n g parameter and a s l i g h t l y d e c r e a s i n g t r e n d w i t h a n g l e -o f -a t t a c k a t t h e lower power l o a d i n g parameter (-1.34 p e r c e n t i n t o t a l power and -0.46 p e r c e n t i n advance r a t i o f o r a change o f Oo t o -16O).
The i n c r e a s e i n t h e t o t a l power c o e f f i c i e n t due to t h e power l o a d i n g parameter i s +38.37 p e r c e n t a t Oo a n g l e -o f -a t t a c k and +36.90 p e r c e n t a t -16" angle-ofa t t a c k . The t o r q u e r a t i o r e s u l t s ( f i g . 1 3 ( d > > g e n e r a l l y show a decrease w i t h a n g l e -o f -a t t a c k a t b o t h power l o a d i n g parameters, w i t h a s l i g h t l y l a r g e r decrease a t t h e lower power l o a d i n g parameter (-1.99 p e r c e n t f o r a change of 0' t o -16O).
A comparison o f t h e p r o p e l l e r performance between t h e F7/A3 1119 and t h e F7/A7 11/9 p r o p e l l e r c o n f i g u r a t i o n s shows t h a t t h e F7/A7 c o n f i g u r a t i o n has a h i g h e r n e t e f f i c i e n c y ( f i g . 13(a)) than t h e F7/A3 c o n f i g u r a t i o n ( f i g . 1 2 ( a > ) a t b o t h power l o a d i n g parameters. A t t h e lower power l o a d i n g parameter, t h e r e s u l t s show t h e F7/A7 n e t e f f i c i e n c y i s +3.1 p e r c e n t h i g h e r than t h e F7/A3 n e t e f f i c i e n c y a t b o t h Oo and -16O a n g l e -o f -a t t a c k .
A t t h e h i g h e r power l o a d i n g parameter, t h e F7/A7 n e t e f f i c i e n c y i s +3.3 p e r c e n t h i g h e r a t Oo angle-ofa t t a c k and +3.6 p e r c e n t h i g h e r a t -16O a n g l e -o f -a t t a c k .
Comparing t h e t o t a l power c o e f f i c i e n t r e s u l t s f o r t h e F7/A3 and F7/A7 c o n f i g u r a t i o n s ( f i g s . 12(b> and 13(b)>, t h e F7/A7 c o n f i g u r a t i o n r e s u l t s show a lower t o t a l power c o e f f ic i e n t than t h e F7/A3 c o n f i g u r a t i o n a t b o t h power l o a d i n g parameters. A t t h e lower power l o a d i n g parameter, t h e F7/A7 t o t a l power c o e f f i c i e n t i s -2.26 perc e n t lower than t h e F7/A3 t o t a l power l o a d i n g a t Oo a n g l e -o f -a t t a c k and -2.73 p e r c e n t lower a t -16O a n g l e -o f -a t t a c k .
A t t h e h i g h e r power l o a d i n g parameter, the F7/A7 total power coefficient is -2.82 percent lower at Oo angle-of-attack and -3.12 percent lower at -16O angle-of-attack. Part of the reason for these differences in the power coefficient between the propeller configurations is that the propeller blade angle settings necessary to achieve the takeoff target operating point power coefficients (table IV) were off slightly for both propeller configurations. As a result, the f7/A3 configuration produced more power than the F7/A7 configuration (higher total power coefficient) at each power loading parameter. The higher f7/A7 configuration net efficiency verses the F7/A3 configuration is due in part to the slightly lower F7/A7 total power coefficient results, but the results also indicate that the low-speed performance of the F7/A7 11/9 configuration is slightly better with the full-size A7 aft rotor blades than the F7/A3 configuration with the smaller diameter A3 aft rotor blades.
Take-Off Target Operating Point Propeller Performance With and Without Pylon and fuselage Simulators
In figures 14 and 15, the performance of the f7/A3 11/9 and F7lA7 11/9 propeller configurations as a function of the propeller model angle-of-attack at a constant target power loading parameter of 4.365 (table I V ) is shown. The results are presented to show the effect of the pylon and fuselage simulators on the propeller performance with angle-of-attack.
In figure 14 , the f7lA3 11/9 configuration performance is shown, including the individual net efficiency and power coefficient results for the forward and aft rotors. The model angle-of-attack was varied between +16O without the simulators installed, and between +12O with only the pylon and with the pylon and fuselage simulators installed (fable 111). were obtained from the F7/A3 configuration results shown in figures 9 to 1 1 for a constant takeoff target power loading parameter of 4.365 at .all model anglesof-attack.
The performance results presented
The F7/A3 11/9 configuration net efficiency results are shown in figures 14(a> to (c). The propeller net efficiency results (fig. 14(a>) indicate relatively small changes occur at angle-of-attack with or without the pylon and fuselage simulators installed. Without the pylon and fuselage simulators installed, a small decrease in the net efficiency is shown with angle-of-attack (-0.35 percent for a change of 0" to +16O>, while a slight increase is shown with angle-of-attack with the simulators installed, especially at positive angles-of-attack (+0.85 percent for a change of Oo to +12O with both simulators installed). The largest difference in the net efficiency due to the installation of the pylon and fuselage simulators can be seen at +12O angle-of-attack (an increase of +1.2 percent).
The forward rotor and aft rotor net efficiency results are shown in figures 14(b) and (c). The forward rotor results (fig. 14(b>> show a slight decrease in the net efficiency when the simulators are installed (-0.5 percent at Oo angle-of-attack when both simulators are installed). At angle-of-attack, the forward rotor results show very little change in the net efficiency due to the installation of the simulators, except at +12O where a small increase is shown when each simulator is installed (+0.65 percent for a change of Oo to +1Z0 with both simulators installed). At the higher angles-of-attack, the differences in the forward rotor net efficiency due to the installation of the 13 simulators were very sma 1. The aft rotor net efficiency results ( fig. 14(c) ) indicate somewhat larger changes occur when the simulators are installed and with angle-of-attack. The aft rotor results show an increase in the net efficiency with the simulators installed (t0.8 percent at Oo angle-of-attack when both simulators installed). With angle-of-attack, the aft net efficiency decreases slightly without the simulators installed (-0.8 percent for a change of Oo to -1 6 O ) and tends to increase when each simulator is installed, especially with negative angles-of-attack (+1.4 percent for a change of Oo to -12O with the pylon simulator installed). The largest difference in aft rotor net efficiency due to the installation of the simulators can be seen at -12O angleof-attack (an increase of +1.8 percent when both simulators are installed).
The net efficiency results show that the aft rotor is somewhat more sensitive to changes in the propeller flowfield than the forward rotor, since the performance trends with angle-of-attack show much larger variations in net efficiency for the aft rotor than for the forward rotor. However, the forward rotor and aft rotor net efficiencies cannot be compared directly. The reason is that the pressure force corrections used to obtain the propeller net thrust (as discussed earlier in the section on determination of propeller net thrust and in ref. 5) can only be directly applied to the total propeller thrust force measurements. The individual rotor values of net thrust were determined by applying the internal cavity pressure force corrections f o r each rotor and onehalf of the total nacelle pressure force corrections to the thrust force measured by each rotor force balance. The internal pressure force corrections between the rotors were not always reliable, and when applied to individual rotor thrust force measurements, could cause exaggerated values of the individual rotor net thrust which is used to calculate the rotor net efficiency. When the pressure force corrections are applied to the total propeller thrust force measurement, the internal pressure force corrections between the rotors are cancelled. A s a result, only trends in the net efficiency for each rotor with angle-of-attack with and without the simulators instal led were considered, and the individual rotor net efficiencies should not be directly compared. fig. 14(d) ) indicate a slight decrease when both the pylon and fuselage simulators are installed (-0.71 percent at Oo angle-of-attack). With the model at angle-ofattack, the results show essentially no change in the total power coefficient without the simulators installed. Due the installation of the simulators, the results indicate an increase in the total power coefficient with positive angle-of-attack ( + 2 . 7 3 percent for a change of Oo to +12O with both simulators installed) and generally a small decrease in the total power coefficient with negative angle-of-attack (-1.23 percent for a change of Oo to -8 O with both simulators installed). The total power coefficient results show the largest change with angle-of-attack due to the installation of the simulators was an increase of +2.60 percent at +12O angle-of-attack with the pylon simulator installed and a decrease of -2.25 percent at -1 2 O angle-of-attack with both simulators installed.
In figures 14(e) and (f), the forward rotor and aft rotor individual power coefficient results are shown. The forward rotor power coefficient results ( fig. 14(e) ) indicate essentially no change occurs when the simulators are installed. The forward power coefficient results show very small increases without the simulators installed with angle-of-attack (+1.38 percent for a change of Oo to -16O). However, large increases in the forward power coefficient can be seen due to the installation of the simulators with positive angle-of-attack (+19.39 percent for a change of Oo to +12O) and large decreases due to the simulators can be seen with negative angle-of-attack (-19.05 percent for a change of Oo to -12"). The forward power coefficient results show that the largest changes with angle-of-attack due to the installation of the simulators was an increase of +18.64 percent at +12O angle-of-attack and a decrease of -20.06 percent at -12O angle-of-attack with both the pylon and fuselage simulators installed.
The aft rotor power coefficient results are shown in figure 14(f) , and have been nondimensionalized by the forward rotor geometry for consistency, since very large values of power coefficient would be calculated using the aft rotor geometry. The aft rotor results indicate trends in the power coefficient which are opposite the trends shown in the forward rotor results ( fig. 14(e>) . The aft results show a slight increase in the power coefficient when the pylon simulator i s installed (+0.41 percent at Oo angle-of-attack) and a slight decrease when both the pylon and fuselage simulators are installed (-0.98 percent at Oo angle-of-attack). The aft results show a very small decrease in power coefficient without the pylon and fuselage simulators installed with angle-of-attack (-0.87 percent for a change of Oo to +16O). However, the aft results show large decreases in the aft power coefficient due to the installation of the simulators with positive angle-of-attack (-14.27 percent for a change of Oo to +1Z0 with both simulators installed) and large increases due to the simulators with negative angle-of-attack (+16.67 percent for a change of Oo to -12O with both simulators installed). The aft rotor power coefficient results show that the largest change with angle-of-attack due to the simulators was a decrease of -14.60 percent at +12O angle-of-attack and an increase of +15.46 percent at -12O angle-of-attack with both the pylon and fuselage simulators installed. Since the variations in the power coefficient results are larger on the forward rotor ( fig. 14(e) ) than the aft rotor, the forward rotor has a larger influence on the total power coefficient results ( fig. 14(d) > at angle-of-attack.
The F71A3 1119 configuration advance ratio results are shown in figure 1 4 ( g ) . The propeller addance ratio results indicate the same trends as the total power coefficient results ( fig. 14(d) ), since the power loading parameter is constant. The results show no change in the advance ratio due to the installation of the pylon simulator, and a slight decrease due to the installation of the pylon and fuselage simulators (-0.32 percent at Oo angle-ofattack). ratio without the pylon and fuselage simulators installed with angle-of-attack. With the installation of the simulators, a small increase in the advance ratio results is shown with positive angle-of-attack (+0.97 percent for a change of Oo to +12O with both simulators installed) and a small decrease is shown with negative angle-of-attack (-0.32 percent for a change of Oo t o -12O with both simulators installed). The largest change in the advance ratio results with angle-of-attack due to the installation of the simulators was a +0.97 percent increase at +12O angle-of-attack (with only the pylon simulator installed) and a -0.75 percent decrease at -12O angle-of-attack (with both simulators instal led).
The aft results also indicate essentially no change in the advance
The aft-to-forward-rotor torque ratio results for the F7/A3 1119 configuration are shown in figure 14(h>, and indicate large variations in the torque split between the rotors due to the installation of the pylon and fuselage simulators with angle-of-attack. The torque ratio results give an indication of the power split between the rotors, since the rotor power is directly related to the rotor torque. The results show essentially no change in the torque ratio when the pylon simulator is installed and a slight decrease in the torque ratio when both the simulators are installed (-1 .00 percent at Oo angle-ofattack). With angle-of-attack, very small decreases in the torque ratio are shown in the results without the simulators installed (-1.59 percent for a change of Oo to -16O angle-of-attack), and large changes are apparent due to the installation of the pylon and fuselage simulators. The torque ratio results are consistent with the power coefficient results shown in figures 14(e> and (f) , and indicate the decrease in the torque ratio due to the simulators with positive angle-of-attack (-27.87 percent for a change of Oo to +12O with both simulators installed) and the increase at negative angle-ofattack (t44.67 percent for a change of Oo to -12O with both simulators installed). The largest difference in the torque ratio with angle-of-attack due to the installation of the simulators was a decrease of -28.06 percent at +12O angle-of-attack and an increase of +44.42 percent at -12O angle-of-attack. Interestingly, the torque ratio results show the asymmetry between positive and negative angles-of-attack with the simulators installed, indicating that the variations in the aft rotor performance with the simulators installed at angleof-attack are not the same as the variations in the forward rotor performance, as described in figure 10 .
The net efficiency, power coefficient and torque ratio results (figs. 14(a) to (f) and 14(h)) seem to verify the earlier discussions (figs. 10 and 11) on the effect of the pylon and fuselage simulators on the propeller performance.
The changes to the propeller flowfield produced by the pylon preswirl and by the flow around the fuselage simulator cause variations in the propeller performance, which are shown by large differences in the propeller power coefficient (figs. 14(d) to (f)) and torque ratio (fi'g. 14(h>) with angle-of-attack, especially in the individual rotor performance. In general, the differences in the propeller performance were larger with both the pylon and fuselage simulators installed than without either the simulator installed or with just the pylon simulator installed at aqgle-of-attack. The power coefficient and torque ratio results also show the higher sensitivity of the forward rotor performance at angle-of-attack than the aft rotor (figs. 14(d> to (f> and 14(h>), as discussed earlier for figure 10.
The propeller performance for the F7/A7 11/9 propeller configuration at a constant takeoff power loading parameter of 4.365 (table IV) is shown in figure 15 . and Oo without the pylon and fuselage simulators installed and at angles-ofattack between +12O with both the pylon and fuselage simulators installed. The F7/A7 performance results follow trends with and without the simulators installed at angle-of-attack very similar to the previous results shown for the F7/A3 configuration ( fig. 14) .
The performance results are presented at angles-of-attack between -16O
The F7/A7 11/9 propeller net efficiency results are shown in figure 15 (a>. The results show essentially no change in net efficiency due to angle-of-attack without the simulators installed. When the simulators are installed, the results indicate a decrease in the net efficiency (-1.2 percent at Oo angle-ofattack). This is a much larger difference than shown for the F7/A3 configuration in figure 14(a) . A small increase in net efficiency due to the i n s t a l l a t i o n o f t h e s i m u l a t o r s i s shown w i t h a n g l e -o f -a t t a c k , e s p e c i a l l y a t n e g a t i v e a n g l e s -o f -a t t a c k ( t 0 . 8 for a change o f 0" t o -16O). The l a r g e s t d i ff e r e n c e i n t h e n e t e f f i c i e n c y w i t h a n g l e -o f -a t t a c k due t o t h e i n s t a l l a t i o n of t h e s i m u l a t o r s i s a t Oo a n g l e -o f -a t t a c k , which i s d i f f e r e n t than t h e F7/A3 n e t e f f i c i e n c y r e s u l t s ( f i g . 1 4 ( a > > .
The F7/A7 t o t a l power c o e f f i c i e n t and advance r a t i o r e s u l t s a r e shown i n f i g u r e s 15(b> and ( c ) . The r e s u l t s i n d i c a t e a s l i g h t decrease i n t h e power c o e f f i c i e n t (-0.59 p e r c e n t a t Oo a n g l e -o f -a t t a c k ) and advance r a t i o (-0.22 perc e n t a t Oo a n g l e -o f -a t t a c k ) when t h e s i m u l a t o r s a r e i n s t a l l e d . E s s e n t i a l l y no change i n t h e power c o e f f i c i e n t and t h e advance r a t i o i s shown due t o angle-ofa t t a c k w i t h o u t t h e s i m u l a t o r s i n s t a l l e d . The r e s u l t s due t o t h e i n s t a l l a t i o n o f t h e s i m u l a t o r s show a small i n c r e a s e i n b o t h t h e power c o e f f i c i e n t and advance r a t i o w i t h p o s i t i v e a n g l e -o f -a t t a c k ( t 2 . 3 6 p e r c e n t i n power c o e f f i c i e n t and +0.76 p e r c e n t i n advance r a t i o for a change o f Oo t o t12O) and a s l i g h t decrease i n b o t h t h e t o t a l power c o e f f i c i e n t and advance r a t i o w i t h n e g a t i v e a n g l e -o f -a t t a c k (-1.12 p e r c e n t i n power c o e f f i c i e n t and -0.33 p e r c e n t i n advance r a t i o f o r a change o f Oo t o -8O>, except a t -1 2 O a n g l e -o f -a t t a c k where a s l i g h t i n c r e a s e i n t h e r e s u l t s i s shown. The l a r g e s t d i f f e r e n c e s i n t h e power c o e f f i c i e n t and advance r a t i o r e s u l t s w i t h a n g l e -o f -a t t a c k due t o t h e i n s t a l l a t i o n o f t h e s i m u l a t o r s a r e shown a t -8 O a n g l e -o f -a t t a c k , w i t h a decrease o f -1.99 p e r c e n t i n power c o e f f i c i e n t and -0.65 p e r c e n t i n advance r a t i o .
The F7/A7 11/9 a f t -t o -f o r w a r d -r o t o r t o r q u e r a t i o r e s u l t s a r e shown i n f i g u r e 15(d). A s l i g h t i n c r e a s e i n t h e torque r a t i o i s shown when t h e simulators a r e i n s t a l l e d ( t 2 . 4 2 p e r c e n t a t Oo a n g l e -o f -a t t a c k ) . A s l i g h t decrease
i n t h e t o r q u e r a t i o i s shown w i t h a n g l e -o f -a t t a c k w i t h o u t t h e s i m u l a t o r s i n s t a l l e d (-1.71 p e r c e n t f o r a change o f Oo t o -16O). A t a n g l e -o f -a t t a c k , t h e r e s u l t s i n d i c a t e t h e l a r g e changes i n t o r q u e r a t i o due t o t h e s i m u l a t o r s , w i t h a decrease shown a t p o s i t i v e a n g l e s -o f -a t t a c k (-30.68 p e r c e n t f o r a change of Oo t o t12O) and an i n c r e a s e shown a t n e g a t i v e a n g l e s -o f -a t t a c k ( t 4 7 . 5 9 p e r c e n t f o r a change o f Oo t o -12O). The l a r g e s t d i f f e r e n c e i n t h e t o r q u e r a t i o due t o t h e i n s t a l l a t i o n o f t h e s i m u l a t o r s was an i n c r e a s e o f t52.67 p e r c e n t a t -1 2 O a n g l e -o f -a t t a c k .
The t r e n d s i n t h e performance shown f o r t h e F7/A7 c o n f i g u r a t i o n i n f i gu r e 15 a r e v e r y s i m i l a r t o t h e performance t r e n d s shown f o r t h e F7/A3 i n f i gu r e 14. W i t h o u t t h e p y l o n and f u s e l a g e s i m u l a t o r s i n s t a l l e d , t h e p r o p e l l e r performance t r e n d s due t o a n g l e -o f -a t t a c k f o r t h e two p r o p e l l e r c o n f i g u r a t i o n s a r e n e a r l y t h e same, showing v e r y small or no changes i n t h e performance parame t e r s w i t h a n g l e -o f -a t t a c k , e s p e c i a l l y t h e p r o p e l l e r n e t e f f i c i e n c y . With t h e p y l o n and fuselage s i m u l a t o r s i n s t a l l e d , t h e performance t r e n d s f o r b o t h prop e l l e r c o n f i g u r a t i o n s show small d i f f e r e n c e s i n n e t e f f i c i e n c y , b u t l a r g e v a r ia t i o n s i n t h e power c o e f f i c i e n t and t o r q u e r a t i o , a t a n g l e -o f -a t t a c k .
I n a d d i t i o n , t h e r e s u l t s show t h a t t h e e f f e c t o f t h e p y l o n and f u s e l a g e s i m u l a t o r s on t h e p r o p e l l e r performance a t a n g l e -o f a t t a c k i s somewhat l a r g e r for t h e F7/A7 c o n f i g u r a t i o n s than f o r t h e F7/A3 c o n f i g u r a t i o n i n terms of n e t e f f ic i e n c y and t o r q u e r a t i o , w h i l e t h e e f f e c t o f the s i m u l a t o r s a t a n g l e -o f -a t t a c k i s s l i g h t l y s m a l l e r f o r t h e performance o f F7/A7 t h a n f o r F7/A3 i n terms of t o t a l power c o e f f i c i e n t and advance r a t i o .
A s d i s c u s s e d e a r l i e r , t h e n e t e f f i c i e n c y o f t h e F7/A7 11/9 c o n f i g u r a t i o n ( f i g . 1 3 ( a > > was h i g h e r t h a n t h e F7/A3 11/9 c o n f i g u r a t i o n ( f i g . 1 2 ( a ) > a t a l l angles-of-attack without the simulators installed. The same trend in the performance is shown with the simulators installed, with the F7/A7 configuration ( fig. 15(a) > showing a higher net efficiency than the F7/A3 configuration ( fig. 14(a) ) at all angles-of-attack (+2.0 percent higher at Oo angle-of-attack and +2.9 percent at -1 2 O angle-of-attack with both simulators installed). The results also show that the F7/A7 total power coefficient ( fig. 15 (b>> is lower with the simulators installed than the F7/A3 total power coefficient (fig. 14(d>> at all angles-of-attack (-2.77 percent at Oo angle-of-attack and -3.14 percent at + 1 2 O angle-of-attack with both simulators installed). The effect of the smaller diameter A3 aft rotor blades on the propeller performance with the pylon and fuselage simulators installed can be seen by the smaller variations in the F7/A3 power coefficient (figs. 14(d) to (f)) and torque ratio ( fig. 14(h>) results with angle-of-attack than the variations in the F7/A7 power coefficient and torque ratio results (figs. 15(b> and (d) ), as well as in the asymmetric variations with angle-of-attack in the F7/A3 forward and aft rotor results (figs. 14(e> and (f)). As discussed earlier with figure 10, the smaller diameter and possibly stiffer A3 blades has an effect on the amount of power absorbed compared to the full-size A7 aft rotor blades on the F7/A7 configuration, hence the variations in the F7lA3 power coefficient and torque ratio performance due to the simulators at angle-of-attack are not as large.
SUMMARY OF RESULTS
The low-speed aerodynamic performance characteristics of two advanced counterrotation pusher-propeller configurations, the F7/A3 and the F7/A7 with blade numbers of 11/9 on the forward and aft rotors and designed for a cruise the F7/A7 configuration had a higher net efficiency-than tion at all operating conditions. ators representative the fol lowing:
configurations were tions. In addition he F7lA3 configura-fuselage simulators were installed at 0" angle-of-attack. At nonzero anglesof-attack, larger differences were seen in the power coefficient (as much as 20 percent on the forward rotor for F7/A3> and torque ratio (as much as 53 percent) for both propeller configurations due to the pylon preswirl and the flow in the area of the fuselage at angle-of-attack. The pylon simulator had a much larger effect on the power coefficient and torque ratio than the fuselage simulator for both propeller configurations.
4. For both propeller configurations, the variations in the power coefficient and torque ratio with the simulators installed were not symmetric at positive and negative angles-of-attack. With the simulators installed, the forward rotor power coefficient was more sensitive to changes in the model angle-of-attack than the aft rotor. This may be a result of the forward rotor turning the flow in a direction more along the axis of the propeller test rig, reducing the angle-of-attack variation seen by the aft rotor. configuration, smaller blade deflections on the shorter and stiffer A3 blades may also reduce the angle-of-attack variation seen by the aft rotor.
For the F7/A3 5. The large changes in aft-to-forward-rotor torque ratio accompanied by small changes in propeller net efficiency indicate that the unrecovered propeller swirl losses are not the dominant propeller performance loss mechanism at low-speed operating conditions. 9. Smith, L.H., J r . , "Unducted Fan Aerodynamic Design," ASME Paper 87- GT-233, May, 1987. 0.72 150 .
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